We explore the recent OPERA experiment of superluminal neutrinos in the framework of Special Relativity with de Sitter space-time symmetry (dS-SR). According to Einstein a photon is treated as a massless particle in the framework of Special Relativity. In Special Relativity (SR) we have the universal parameter c, the photon velocity c photon and the phase velocity of a light wave in vacuum c wave = λν. Due to the null experiments of Michelson-Morley we have c = c wave . The parameter c photon is determined by the Noether charges corresponding to the space-time symmetries of SR. In Einstein's Special Relativity (E-SR) we have c = c photon . In dS-SR, i.e. the Special Relativity with SO(4, 1) de Sitter space-time symmetry, we have c photon > c. In this paper, the OPERA datum are examined in the framework of dS-SR. We show that OPREA anomaly is in agreement with the prediction of dS-SR with R ≃ 1.95×10 12 l.y. Based on the p-E relation of dS-SR, we also prove that the Cohen and Glashow's argument of possible superluminal neutrino's Cherenkov-like radiation is forbidden. We conclude that OPERA and ICARUS results are consistent and they are explained in the dS-SR framework.
Introduction
The OPERA collaboration recently reported the evidence of superluminal behavior for muon neutrinos ν µ with energies of a few tens of GeVs [1] . The arrival time of the ν µ neutrino with average energy of 17 GeV is earlier by δt = (60.7 ± 6.9 stat ± 7.4 sys ) ns. This translates into a superluminal propagation velocity for neutrinos by a relative amount δc ν = v ν − c c = (2.48 ± 0.28 stat ± 0.30 sys ) × 10
with significance level of 6σ. This result is consistent with the earlier MINOS experiment [2] and FERMILAB79 experiment [3] . This would be the most significant discovery in fundamental physics over the last several decades because OPERA datum definitely indicates v ν > c. It challenges the Einstein's Special Relativity (E-SR) directly. It is well known that E-SR has been the cornerstone of modern physics which is well-established by innumerable experiments and observations. An outstanding feature of E-SR is a universal upper limit of speed, namely the speed of light c in vacuum. It is surprising that this limit of speed is broken by the OPERA experiment. Furthermore, Cohen and Glashow [4] argued that, in the frame work of E-SR, such superluminal neutrinos should lose energy by producing e + e − pairs, through Z 0 mediated processes analogous to Cherenkov radiation. Soon after their work, the ICARUS Collaboration reported that there was no such energy loss signals that were observed [5] . The OPREA and ICARUS experiments indicate that it is time to re-examine the underlying basis of Special Relativity. In this paper we attempt to solve the puzzles arisen from the OPREA and ICARUS experiments in the framework of Special Relativity with de Sitter space-time symmetry (dS-SR) [6] [7] [8] .
As a fundamental theory Special Relativity (SR) is a theory on global space-time symmetry. Such symmetry is the foundation upon which the whole physics is built. It is well known that the space-time metric in E-SR is η µν = diag{+, −, −, −}. The most general transformation to preserve the metric η µν is the global Poincaré group (or inhomogeneous Lorentz group ISO(1, 3)). It is well known also that the Poincaré group is the limit of the de Sitter group with radius of the pseudo-sphere R → ∞. A natural question arisen is whether there exists another type of de Sitter transformation with R finite which also leads to a special relativity theory. In 1970's, K.H. Look (Qi-Keng Lu) and his collaborators Z.L. Zou and H.Y. Guo pursued this problem and they got a highly nontrivial positive answer. They succeeded in formulating the mathematic structure of the Special Relativity with global de Sitter space-time symmetry [6, 7] . To the best of our knowledge, ref. [7] is the first publication to explore SR theory in the framework of de Sitter space-time symmetry, i.e., dS-SR. In 2005, Yan, Xiao, Huang, Li [8] performed Lagrangian-Hamiltonian formulism for dS-SR with two universal constants c and R, and suggested the quantum mechanics of dS-SR. Ref. [8] is the base of our investigation in the present paper. During the past decade the theory were extensively discussed [9] [10] [11] [12] [13] [14] .
A meaningful and deep physical question is that what is the space-time symmetry for the real world? E-SR is the limit of dS-SR with R → ∞. People suspect that E-SR may be an approximation of dS-SR with large enough R. To get the answer, one should pursue the physical effects beyond E-SR. We will see that the OPERA anomaly is an experiment to determine the space-time symmetry of the real physical world.
In this paper, we accept Einstein's hypotheses that a photon can be treated as a massless particle, and its velocity c photon is the physical propagating speed of a photon in vacuum. We do not assume c photon = c beforehand. The phase velocity of a light wave in vacuum is c wave = λν. The relationships between c, c photon and c wave in both E-SR and dS-SR are carefully studied in the paper. In SR the universal parameter c is required to be independent of the reference systems. The famous null experiments of Michelson-Morley show that the phase velocity of a light wave c wave = λν is independent of the reference systems with very high accuracy. Thus, Einstein's outstanding assumption of c = c wave is sound and it is the foundation of both E-SR and dS-SR. What is new in this paper is that the c photon is derived from the Noether chargers generated from the SR's space-time symmetries. We will reveal in the paper that c photon = c = c wave for E-SR, but for dS-SR, we have c photon > c = c wave . This is an interesting result follows from the space-time symmetry, and there are no ad hoc considerations that are involved. Since m ν is rather small, it is easy to achieve conclusion of c photon > v ν > c when E ν is large enough. Furthermore, the calculations based on dS-SR dispersion relation show that the Cherenkov-like process of ν µ → ν µ + e + + e − is forbidden. Consequently the OPERA anomaly on superluminal neutrinos is well interpreted by means of dS-SR in the present paper.
The paper is organized as follows. In section 2 we briefly review the Special Relativity with de Sitter space-time symmetry in terms of the Lagrangian-Hamiltonian formulism.
In section 3, we analyze meanings of the universal parameter c and the photon velocity c photon both in E-SR and in dS-SR. In section 4, we analyze the OPERA data in dS-SR. We find that OPERA anomaly is in agreement with the prediction of c-c photon degeneracy breaking from dS-SR. In section 5, we discuss the Cohen-Glashow arguments, and show that there is no conflict between ICARUS data and OPERA anomaly in the scenario of dS-SR. Finally, we briefly discuss the conclusions reached in this paper.
The Special Relativity with de Sitter Spacetime Symmetry
According to ref. [8] , the Lagrangian for a free particle in dS-SR reads
whereẋ µ = d dt x µ , and the Beltrami metric B µν (x) serves as the inertial frame system in dS-SR, which is as follows
where the universal light-speed parameter c and the radius R of the pseudo-sphere in de Sitter space are two universal constants in the theory. We would like to address two issues in the following:
1. From the principle of least action
we have [8] 
This is a highly non-trivial result since it indicates that just like η µν in E-SR the metric B µν (x) is indeed the inertial frame metric even though the Lagrangian
The existence of inertial frame metric is a first-principle requirement of a SR theory, and hence B µν (x)'s existence means that E-SR is not the unique SR theory. dS-SR is its natural extension which is another candidate of SR. Since B µν (x)| (|R|→∞) = η µν , we may think that (mechanics of dS-SR) (|R|→∞) = (mechanics of E-SR). There is no any prior reason to assume that the space-time symmetry of the real world is as in E-SR or in dS-SR. We will show that the OPREA results favor dS-SR. It is significant to determine the magnitude of R for the real world. In this paper we use the OPERA data to estimate R.
2. In dS-SR the space-time transformations are:
The metric tensor B µν (x) and the action of dS-SR (2) transform respectively as follows [7] [8]
There are ten parameters in the dS transformation of eq. (7). The action is invariant under those transformations. Hence there are 10 conserved Noether charges in dS-SR similar as in E-SR. They are as follows: [8] 
Here E dS , p dS , L dS , K dS are conserved physical energy, momentum, angular-momentum and boost charges respectively, and Γ is:
When |R| → ∞, Γ becomes the Lorentz factor γ. From these definitions, it is straightforward to check the identity of
We then have the dispersion relation for dS-SR as follows [8] 
(This relation were also suggested in [7] [19]). When |R| → ∞, the above relation reduces to the well known dispersion relation in E-SR
where
, and the subscript E means E-SR's. Comparing eq. (13) with eq. (12), we see that the E-SR's dispersion relation is independent of the Noether charges of Lorentz boost and rotations in space (angular momenta), and hence it is independent of the space-time coordinates origins of the reference frames (see eq. (10)). However, in dS-SR's it is not. In other words, the dS-SR's dispersion relation (12) depends on a choice of the space-time origin. In the real world, the Big Bang (BB) cosmology model are widely accepted. In this model, the BB occurrence provides a natural spacetime coordinates origin. Then the current experiments in the Earth laboratory, e.g., OPERA measurements, are at the time t 0 ≃ 13.7Gy and x 0 ≡ x(t 0 ) ≃ 0 (see figure 1) . In the follows, we will call this coordinates system the Natural Cosmical Reference System (or shortly NCRS). To NCRS, the time t = 0 (i.e., the time-coordinate's origin) is the starting point of arrow of the cosmic time.
For any positions on the isochronic hypersurface of NCRS, the corresponding 3D space is isotropous and homogenous, i.e., the Copernicus principle of cosmology holds.
The Universal Parameter c and the photon velocityc photon in SR Mechanics
It is well known that a Special Relativity theory (SR) is built on a 4-dimensional space-time manifold with a metric. Therefore, an Uniform Parameter c (UP c) is needed to convert the time dimension to the length dimension. The UP c has the same dimension as velocity and it is independent of a choice of the reference systems. Namely c serves as an absolute velocity in special relativity theories. It is long known that the null experiments of Michelson and Morley [21] indicate that the phase velocity of a light wave c wave = λν is independent of the reference systems with very high accuracy. Therefore, Einstein specifically assumed c = c wave . This is the foundation of SR (for both E-SR and dS-SR). c wave = λν can be directly measured by measuring a beam of laser light's wavelength λ and its frequency ν respectively. Actually, in 1972 [22] , the frequency and the wavelength of a beam of methane-stabilized laser at 3.39µm were directly measured. With infrared frequency synthesis techniques, one obtained ν = 88, 376181627(50) THz. With frequency-controlled interferometry, the authors of [22] found λ = 3.392231376 (12) or de Sitter. Note that Einstein hypothesis of c = c wave holds for both E-SR and dS-SR. The phase velocity of a light wave could be different from a photon's moving velocity. Now let us derive a photon's moving velocity c photon ≡ẋ| m=0 (or its Hamilton-Jacobi velocity) from the E-SR mechanics and the dS-SR mechanics respectively.
The E-SR case:
In E-SR we have the metric is invariant with respect to the Poincareé group. Consequently there are 10 conserved Noether charges in E-SR. The charges are (e.g., see pp581-586 and Part 9 in ref. [20] ):
Charges for space − translations (momenta) :
According to Einstein, the light can be treated as a bunch of massless particles (i.e., photons whose m 0 = 0). Hence, from eq. (14) and Einstein hypotheses the photon velocity c photon reads
where superscript i of c photon , x, p E were omitted for simpleness. Eq. (15) indicates that the mechanical speed of light in vacuum c photon in E-SR equal to UP c, i.e., c photon and c are degenerate. However, the physical meanings of c and c photon are different even though their magnitudes are equal in E-SR. We will see below that this is a key to understand the recent OPERA and ICARUS experiments.
In the following, we will show that such degeneracy of c-c photon is broken in the dS-SR.
The dS-SR case:
We will calculate photon's mechanical velocity c photon in dS-SR by means of the Noether chages (10) and the dispersion relation (12) in dS-SR. From Einstein's hypotheses and eq. (10), we have
In NCRF, from (12) and (10), E dS reads
where NCRF condition: {x i = 0, t = t 0 = 13.7Gy} has been used (see figure 1 and its caption). Substituting eq. (17) into (16), we obtain
From eqs. (16)(17), we see that c photon is the upper limit of speed in dS-SR within NCRF. For de Sitter SO(4, 1) case, R 2 > 0, then c photon > c. For anti de Sitter SO(3, 2) case, R 2 < 0, then c photon < c. Therefore, when |R| = ∞, the c-c photon degeneracy is broken in dS-SR.
Finally, we briefly discuss the above results. We have shown that c photon = c = c wave for E-SR, however, c photon = c = c wave for dS-SR. Obviously this statement does not effect the existed SI standard for measurements in physics. Thus, when we say there exist superluminal neutrinos in the framework of dS-SR, it means that the mechanical velocity of neutrinos measured by the SI standard v ν is greater than the c ≡ 299 792 458m/s. Physically, c = c wave = λν represents the phase velocity of a light wave in the vacuum, and c photon is the mechanical velocity of photons in vacuum.
To directly determine c photon should be another OPERA-like experiment, in which one would use γ with few GeV energies as moving particle (instead of the present OPERA's ν µ ). However it may not be an easy experiment. R is another universal parameter in dS-SR. We will show in the following Section that OPERA anomaly provides a chance to determine the magnitude of R. When R is known, of course, c photon shall be obtained via eq. (18).
Neutrinos Velocity from dS-SR
The OPERA Collaboration reported that neutrino velocity is greater than c, the vacuum light speed in Einstein Special Relativity, by
The velocity difference depends on energy slightly, by splitting the events into two groups with energies above or below 20 Gev, the velocity difference is given by δc ν = (2.74 ± 0.74 ± 0.30) × 10 −5 For E = 42.9GeV (20) δc ν = (2.16 ± 0.76 ± 0.36) × 10 −5 For E = 13.9GeV (21) The OPERA experiment is consistent with earlier experiments, as summarized in Table  1 [23], [25] . 17GeV ν e ,ν e , ν µ ,ν µ MINOS [2] δc ν = (5.1 ± 2.9) × 10
In dS-SR we consider neutrinos to be free moving massive point particles. Its velocity can be derived from the Noether charge formulars (10) . Taking the OPERA neutrino moving trajectory as {x 1 ≡ x(t), x 2 = 0, x 3 = 0}, from eqs. (10) (12), we have:
where t 0 and x 0 are initial time and space location the OPERA moving neutrino's in NCRS, i.e., t 0 ≃ 13.7Gy, x 0 = x(t 0 ) ≃ 0. When R → ∞, it reduces to E-SR's famous equation of E = mc 2 . The last term of the denominator of the right side of eq. (23) reflects the difference between dS-SR's dispersion relation and E-SR's, which comes from the term of
and then obtain the neutrino velocity
The function of v dS (E dS ) is shown in figure 2 . From the figure we see that as the neutrino energy increases, the velocity increases. And such velocity-energy dependent is very weak when E dS > 200m 0 c 2 . This is consistent with the OPERA's data [18] and FERMILAB79's data [3, 25] . It is easy to see that once the energy in eq. (25) (or figure 2) is greater than a critical value
the neutrino velocity v dS in dS-SR will be greater than UP c. That is the reason why OPERA measured superluminal signals. But when E dS < E critical , the velocity is smaller or equal to UP c, as SN 1987A neutrino data shows [15] . The parameter R in dS-SR can be determined by the OPERA data of Eq. (19) . Noting v ν = v dS , from Eqs. (19) and (25), we have
To neutrinos from OPERA experiment, E dS ≃ 17GeV , m 0 c 2 ≃ 2eV , the second term of above equation (27) 
Hence this term can be ignored, and we have
where OPERA datum (19) and t 0 = 13.7Gy have been used. This result is consistent with our previous result 0.45×10 12 l.y. [11] , in which we tried to use Dirac large number hypotheses and dS-SR to solve the inconsistence between the observational results of the QSO absorption lines and of the Oklo nature reactor on the variation of the finestructure constant.
Exclusion of the Puzzle of Cherenkov-like Radiations of OPERA Neutrinos and ICARUS Data
First, we would like to emphasize here that comparing with E-SR's, an outstanding feature of dS-SR's Lagrangian-Hamiltonian formalism [8] is that the canonical momenta-energy ( π, H) is not equal to conserved physical momenta-energy (p, E). Therefore the Hamiltonian-Jacobi velocity (or group velocity)
where the canonical momentum π i = ∂L dS ∂ẋ i = −m 0 σ(x)ΓB iµẋ µ = p i dS , and the canonical energy (or Hamiltonian) H =
(10)). To the real world, v = v dS , E = E dS , p = p dS (hereafter the subscript "dS" will be omitted). It can be proved straightforwardly in the Lagrangian-Hamiltonian formalism of dS-SR that the Hamiltonian-Jacobi velocity is as follows [8] 
which is the same as the expression ofẋ eq. (22) derived from the dS-SR Noether charge formula eq. (10) [24] . The physically measured quantities are (v ≡ẋ, E, p) of particles. Usually the phrase of superluminal particle means v ≡ |v| > c. The relationship between v and (E, p) has been shown in eq. (22) (or eq. (30)), i.e., v = c 2 p E . To the OPREA neutrino ν µ , from eqs. (18), (25) and (27), we have c < v ν < c photon .
Hence OPREA neutrinos are superluminal even though v ν is less than the upper limit of speed of dS-SR c photon .
In the framework of E-SR, Cohen and Glashow argued [4] that superluminal neutrinos should lose energy through the Z 0 mediated process analogous to Cherenkov radiation: ν µ → ν µ + e + + e − . Cohen-Glashow model is based on a dispersion relation
which breaks E-SR space-time symmetry. It is essential that one can determine whether the Cherenkov-like process occurs or not via examining the energy threshold of that process based on the dispersion relation violating the Lorentz invariance. In ref. [16] , the threshold of ν µ (p) → ν µ (p ′ ) + e + (k ′ ) + e − (k) has been derived as follows
Substituting eq. (32) into eq. (33), we have [16] E thr. = (2m e + m ν )c 2
that is the same as the threshold in [4] . The existence of E thr. > 0 indicates that the Cherenkov-like process ν µ (p) → ν µ (p ′ ) + e + (k ′ ) + e − (k) does occur when E > E thr. . The main conclusion of [4] were checked by means of the threshold equation (33) and the model's dispersion relation (32).
Now we view the dS-SR's E-p relation of eq. (17) as dispersion relation violating Lorentz symmetry, and copy it as follows
Substituting eq. (35) into eq. (33), we get
Obviously, there is no real and positive solution of E thr. from eq. (36). Namely under the dispersion relation of eq. (35), the threshold of process ν µ (p) → ν µ (p ′ ) + e + (k ′ ) + e − (k) is absent, and hence that Cherenkov-like process is forbidden kinematically. Similarly, since a photon's dispersion relation is the same as eq. (35) except m ν ⇒ m γ = 0, eq. (36) means also that the high energy photon's Cherenkov-like process γ(p) → γ(p ′ ) + e + (k ′ ) + e − (k) is also forbidden kinematically. Consequently, we conclude that the Cohen-Glashow events caused energy loss for the superluminal neutrinos are absent in the SO(4,1) dS-SR model. This is consistent with recent experiment result of the ICARUS collaboration, another neutrino group in Gran Sasso [5] . They reported no such energy spectrum shift signals were seen as predicted by Cohen-Glashow.
Conclusions and Discussions
Recently, the OPERA experiment of superluminal neutrinos has been widely discussed [4, 16, 23, [25] [26] [27] [28] [29] [30] [31] . In the present paper we explore it in the framework of Special Relativity with de Sitter space-time symmetry (dS-SR). Einstein's hypotheses that a photon can be treated as a massless particle in the Special Relativity are employed to define the kinematics of photons. The physical meanings of the universal parameter c, the photon velocity c photon and the phase velocity of a light wave c wave = λν in E-SR and in dS-SR have been analyzed. By the null experiments of Michelson-Morley, c can be conveniently taken to be c = c wave = λν, which can be determined by measuring the λ and ν of lasers respectively. SI standard is available for both E-SR and dS-SR, and a massive particle with velocity v > c is superluminal.
The photon velocity c photon is determined by the Noether charges of SR. We found out that c = c photon in E-SR, yet c = c photon in dS-SR. This c-c photon degeneracybreaking effect in dS-SR is an outstanding feature of dS-SR, which is implied by the space-time symmetry of dS-SR. For the SO(4, 1)-de Sitter symmetry we have c photon > c. Therefore in dS-SR it predicts that the velocity of a particle with zero or very small mass can be larger than the universal parameter c. Based on this analysis we examined the OPERA data and it is revealed that OPERA anomaly is in agreement with the prediction of SO(4, 1) dS-SR with R ≃ 1.95 × 10 12 l.y.
The Cohen and Glashow's argument on the possible superluminal neutrino's energy loss by producing e + e − pairs has also been discussed in detail. Starting from the dS-SR's p-E relation (i.e., dispersion relation violating Lorentz invariant) for superluminal neutrinos we show that that such Cherenkov-like is forbidden kinematically. Due to such a forbidden mechanism the ICARUS collaboration did not see such sort of energy loss signals. It is consistent with the OPERA experiment in the framework of dS-SR.
The conclusion reached in this paper is that the OPERA experiment and the ICARUS experiment are evidences to support that the global space-time symmetry is de-Sitter.
